Experiments were performed with host-associated olfactory attractants of the larval parasitoids of the southern pine beetle, Dendrocfonus frontal& Zimmermann, to elucidate both their biological origin and their chemical composition. Sticky-screen traps were erected in an active D. frontalis infestation and baited with parts of D. front&s-infested loblolly pines (Pinus taeda L.) or their extracts. The diversity of parasitoid species landing on trees infested with larval D. frontalis was substantially greater than that attracted to traps baited with wood and bark taken from similar, infested trees. Females of four parasitoid species, Spathius pallidus (Ashmead), Ropfrocerus xylophagorum (Ratzeburg), Dir~otiscus dendroctoni (Ashmead), and Euryfoma tomici Ashmead, were attracted to bark infested with D. fro&a/is larvae. Two of these species, R. xylophagorum and S. pallidus, were attracted to debarked wood from host-infested trees although this tissue was free of hosts and host frass. Spafhius pallidus were more attracted to the excised bark (containing D. frontalis larvae and frass) than the debarked wood from D. frontalisinfested pine bolts, while R. xylophagorum were attracted in similar numbers to both materials. When traps were baited with steam/water-distilled extracts of D. frontalis-infested bark, R. xylophagorum strongly preferred extracts from bark containing earlyinstar larvae over extracts from bark infested with either younger (egg-stage) or older (late-instar larval and pupal) brood. In contrast, S. pallidus responded significantly only to extracts of late larval/pupal bark. Coupled gas chromatograph/mass spectrometer (GC-MS) analyses of the bark extracts revealed that the concentrations of numerous extract constituents correlated positively with trap catch of S. pallidus, but no such relationships were identified for R. xylophagorum. These data provide further evidence that members of the parasitoid complex associated with D. frontalis differ in their strategies for locating trees infested with susceptible hosts.
gesting that they have an efficient mechanism for host habitat location and host life-stage discrimination during flight. While pheromones of bark beetle adults have been identified as important prey location cues for a large number of bark beetle predators (Vite and Williamson 1970 , Billings and Cameron 1984 , Payne 1989 , Miller et al. 1989 , Raffa and Dahlsten 1995 , Erbilgin and Raffa 2001 , pheromones probably do not play a comparable role in host finding by larval parasitoids of bark beetles. Pheromone production by attacking adult bark beetles terminates prior to the development of beetle larvae and the arrival of parasitoids (Berisford 1969 , Camors and Payne 1972 , Sullivan 1997 , and larval parasitoids are attracted weakly or not at all to synthetic bark beetle pheromones, in contrast to their predatory counterparts (Camors and Payne 1972 , Dixon and Payne 1980 , Kudon and Berisford 1981 . Volatile compounds associated specifically with larvae-infested tree tissue, especially oxygenated monoterpenes, apparently play an important role in attracting parasitoids to bark beetle-infested trees , Pettersson 2001a . However, synthetic blends of oxygenated monoterpenes have not equaled the biological activity of naturally-derived parasitoid attractants , Pettersson 2001a , and the composition of host location cues has not been completely characterized for any single parasitoid species.
In previous experiments, pine bark infested with D. frontalis brood and essential oil extracts of such bark were attractive to two larval parasitoids, Roptrocerus xylophagorum (Ratzeburg) (Pteromalidae) and Spathius pallidus (Ashmead) (Braconidae) . Roptrocerus xylophagorum was more strongly attracted to bark infested with early-instar D. frontalis larvae than bark infested with late-instar larvae and pupae. Spathius pallidus showed the reverse preference. We conducted the following research to (1) investigate whether attractants are produced solely within the microhabitat of the host (i.e., the bark) or more generally in the bole of infested trees, and (2) determine whether parasitoid discrimination of host fife stages can be attributed to the presence of specific chemical cues in infested bark tissue.
Materials and Methods
Experiment 1. Sticky-screen cylinders (31 cm high, 19 cm diam, 0.64 cm mesh hardware cloth coated with Stikem Special@) were baited either with (1) a loblolly pine bolt (10 to 14 cm diam, 30 cm long) infested with late-instar larval D. frontalis brood, (2) the bark excised from such a bolt, (3) the debarked bolt, (4) baits two and three together, or (5) nothing (blank trap). The bolts were cut from a naturally infested pine felled immediately before the tests. To provide a uniform visual profile among treatments, we enclosed baits in cylindrical cages (37 cm high, 16 cm diam) of black plastic hardware cloth. Blank traps had an empty cage. Any residual insect frass or bark fragments clinging to the exposed sapwood surface in treatment 3 were carefully removed. Parasitoid attraction to bait treatments was assayed within nine replicates in a randomized complete block design. Traps were erected on 2 m-long posts positioned at least 5 m apart, and 2 to 3 complete blocks were set up at one time within an active D. frontalis infestation. Treatment positions within blocks were assigned at random, and then treatments were rotated four times (every 45 min) for a total of 3.75 h. In addition, three standing trees infested with late-instar D. frontalis larvae and adjacent to the traps were wrapped with sticky screen cylinders (as above) at 2 m height. Screens were left in place for the duration of the trap rotations. The experiment was performed during daylight hours on 17 and 22 July and 29 August 1996 in the Oconee National Forest, GA.
Experiment 2. Bark infested with one of three different beetle life stages was extracted by steam/water distillation (Guenther and Althausen 1948) , and the extracts were both tested in the field for parasitoid attraction and analyzed by coupled gas chromatography/mass spectrometry (GC-MS). Bark was steam/water-distilled with an apparatus (Fig. 1) modified from that described in Sullivan et al. (1997) . Extracted bark had either (1) adult beetles constructing egg galleries and the majority of brood in the egg stage, (2) early-instar larvae feeding in filamentous larval mines (Bridges et al. 1984) , or (3) late-instar larvae and pupae present predominantly in the outer, corky bark. Bark was collected from standing infested pines, placed into plastic bags, transported to the laboratory on ice, and stored frozen. Bark from 2 to 3 trees was distilled together, and 3 to 5 such distillations using bark from different sets of trees were performed separately for each of the above three bark categories.
The composition of the extracts from each distillation was analyzed semiquantitatively with a Hewlett-Packard GCD G1800A GC-MS system equipped with an HP-FFAP fused-silica capillary column (Hewlett-Packard Corp., Avondale, PA) (50 m x 0.2 mm i.d.; 0.33 urn film thickness). The temperature program was 32°C for 1 min, then 1 S"C/min to 75"C, then G"C/min to 220°C held 12 min. Carrier gas flow was 0.7 mi/min helium. Pure extract was diluted 1:300 in pentane and injected (1 pl) with a split ratio of 1:30. Approximate percent concentrations for individual components were obtained by dividing the raw ion abundances for individual peaks by the total ion abundances for the entire sample.
Extracts were combined within each life-stage category, and sticky-screen cylinder traps as described in experiment 1 were each baited with 4.5 ml of one of the three extract types or left unbaited (blank trap). Parasitoid attraction to these four treatments was compared within ten replicates in a randomized complete block design. Extract was applied to a cellulose sponge (8 x 5 x 0.2 cm) suspended inside each trap. Total trapping time was 5 h, and trap positions were rotated every 1.25 h. Trapping was performed within active D. frontal/s infestations at the Oconee National Forest on 1 and 2 October, and at the Ft. Benning Military reservation, GA, on 11 and 19 October 1995. In all other respects, trapping procedures were identical to those used in experiment 1.
After completion of trapping, parasitoids were removed manually from sticky screens, cleaned in solvent, and stored in 70% alcohol for later sexing and identification. Voucher specimens were deposited with the University of Georgia Museum of Natural History, Athens, GA.
Data analyses. All statistical analyses were performed using Sigma StatTM 2.03 software (SPSS 1997) . Raw catch numbers were transformed with log,,(X+l) to remove heteroscedasticity, and treatment effects were identified with a two-way analysis of variance (ANOVA) using block and treatment of the randomized complete block design as model factors. The relative proportions of species trapped by different treatments were compared using either a chi-square test or a Fisher exact test. Differences in the percent concentrations of individual constituents of the bark oils were compared using a one-way ANOVA on the arcsin transformed data. Pairwise comparisons of treatment means for all ANOVAs were performed with the Student-Newman-Keuls (SNK) procedure (a = 0.05). The degree of correlation between mean trap catch for each bark extract and the concentration of individual extract constituents was determined with a Pearson Product Moment Correlation (a = 0.10). A propane stove heated a layer of water in the bottom of a large stockpot to boiling, forcing steam through pieces of infested bark suspended above the water on a hardware cloth platform. Steam and volatilized essential oil from the stockpot was condensed and the oil separated from water with a Clevenger apparatus (as in Geunther and Althausen 1948, but constructed in double-scale) attached at its top to a large Allihn condenser. Two to six kg of bark were extracted during each 3 h distillation.
For correlation analyses, concentrations of extract components in blank traps were assigned a value of zero.
Results
Experiment 1. Females of four parasitoid species, t?. xylophagorum, S. pallidus, Eurytoma tomici Ashmead (Eutytomidae), and Dinotiscus dendroctoni (Ashmead) (Pteromalidae), were attracted to traps baited with D. frontalis larvae-infested bark in significantly greater numbers than to blank traps (Fig. 2) . In addition, S. pallidus and R. xylophagorum responded to whole bolts infested with D. frontalis larvae, infested bolts with bark removed, and infested bark/debarked bolt combinations. These two species also significantly preferred host-infested bark/debarked bolt combinations to unaltered host-infested bolts. Spathius pallidus preferred excised, infested bark to debarked bolts, while R. xylophagorum was similarly attracted to both. The proportions of S. pallidus and I?. xylophagorum females responding to these two baits differed significantly (P = 0.0002, chi-square test).
The frequency distribution of parasitoid species caught on bark and wood-baited traps differed significantly from that trapped on adjacent, infested trees (P < 0.0001, chi-square test). Relative to adjacent, naturally-infested trees, baited traps attracted a greater proportion of R. xylophagorum and S. pallidus and a lower proportion of E. tomici, D. dendroctoni, Heydenia unica Cook and Davis (Pteromalidae), and Coeloides pissodis (Ashmead) (Braconidae) (Fig. 3) . Experiment 2. Females of two parasitoid species, R. xylophagorum and S. pa//idus, responded to the extracts of D. frontalis-infested bark (Fig. 4) . Extract of bark infested with early instar D. frontalis larvae attracted significantly more R. xylophagorum than any other bait, and extract of bark infested with either younger or older beetle brood did not trap significantly more R. xylophagorum than the blank. Extract of bark infested with late-instar larvae and pupae was the only bait which attracted S. pallidus in significantly greater numbers than the blank, but S. pallidus did not exhibit a significant preference for this extract over extracts of bark with younger brood stages. However, S. pallidus differed significantly from I?. xylophagorum in the proportion of individuals responding to extracts of bark infested with either early-instar larvae or late-instar larvae and pupae (P = 0.0002; Fisher exact test).
Distillates of bark infested with different D. front&is life stages diverged significantly in their composition (Table 1) . Nineteen compounds increased significantly in concentration with increasing beetle brood age. These included seven hydrocarbon monotepenes (a-fenchene, camphene, a-terpinene, y-terpinene, pcymene, terpinolene and 2,4-dimethylstyrene), eleven oxygenated monoterpenes (fenchone, camphor, isopinocamphone, fenchyl alcohol, terpinen-4-01, myrtenal, trans-pinovarveol, tw-terpineol, borneol, verbenone, and pcymen-8-01) and one unidentified compound. One hydrocarbon monoterpene (f3-pinene) decreased significantly with increasing beetle brood age. Eighteen compounds were significantly (a = 0.1) positively correlated with trap catch of S. pallidus (Table 1) . Generally, these correlating compounds were the same as those that increased significantly with D. frontalis brood development. In contrast, R. xylophagorum trap catch did not correlate with the concentration of any extract constituent (P > 0.28 for all compounds).
Discussion
Previous studies have shown that the D. frontalis parasitoids S. pallidus and R. xylophagorum are attracted to odors of host-infested pine bark . The present study indicates that two additional species, D. dendroctoniand E. fomici, share this behavior. The present study also replicates previous observations that excision of bark from D. frontalis larvae-infested bolts increased its attractiveness to parasitoids . Bark excision exposes infested phloem and beetle frass to the air and undoubtedly increases the rate at which volatiles are released.
The mines and frass of D. frontalis adults and brood are confined to the phloem and corky bark of infested trees. Hence, R. xylophagorum and S. pallidus were responding to tree parts that were free of either hosts or obvious host products when they were attracted to debarked wood of infested trees. Previous research showed that host-damaged bark tissue remains highly attractive to R. xylophagorum after all hosts and host frass are removed , indicating that attractive cues are present in the phloem tissue itself. Our data further suggest that cues attractive to flying parasitoids are present also within the xylem and are not confined merely to those tissues specifically infested by beetles. Semiochemical attractants may have diffused from the phloem into the xylem or may have been produced in the xylem itself, possibly by bark beetle associated fungi that had penetrated into the wood (Dahlsten and Berisford 1995, B. T. Sullivan, unpubl. data) . Discoloration from the D. frontal/s-associated bluestain fungus Ophiostoma minus was visible in the wood baits.
Presumably host-seeking female R. xylophagorum showed a strong preference for volatile essential oils from bark infested specifically with early-instar D. frontalis lar- vae, a preference observed in a previous study in which traps were baited with the bark itself . Roptrocerus xylophagorum parasitises predominantly late-instar bark beetle larvae (Samson 1984, Berisford and Dahlsten 1989) , hence this parasitoid's ability to discriminate among odors associated with different D. fronLa/is life stages is apparently unrelated to its parasitism preferences. The preference of R. xybphagorum for essential oils from early larval bark could not be readily attributed to chemical composition, since no constituents of the bark extracts correlated quantitatively with attraction of this parasitoid. Coupled gas chromatographicelectroantennographic detection (EAD) studies of R. xylophagorum indicate that this species is especially sensitive to the oxygenated monoterpene components in attractive distillates of D. frontalis infested bark, and a blend of seven EAD-active oxygenated monoterpenes is moderately attractive to this species . Most of these oxygenated monoterpenes were present in substantially greater abundance in extracts from late-instar larvae/pupae-infested bark than bark with earlier stages, and other studies similarly indicate a continuous increase in the concentration of these compounds in infested trees as the brood of conifer-infesting bark beetles complete development , Sullivan 1997 , Pettersson 2001 . While much evidence suggests that oxygenated monoterpenes mediate the attraction of R. xylophagorum to its host's habitat, it is clear from our results that these compounds do not act independently in a simple dose-dependent or additive fashion. Rather, R. xylophagorum may respond to oxygenated monoterpenes only when present in specific proportions or when combined with other oil constituents, ones possibly not detected by our analyses. The enantiomeric composition of individual oxygenated monoterpenes in the extracts was unknown and may have influenced extract activity as well.
In contrast, S. pallidus exhibited a strong dose-correlated response to the presence in extract baits of several oxygenated monoterpenes and certain minor hydrocarbon monoterpene constituents of loblolly pine resin. Previous studies have shown that many of these compounds are characteristically present in elevated concentrations in trees infested with late-instar bark beetle larvae, the life stage typically preferred for parasitism , Sullivan 1997 , Pettersson 2001 .
Spathius pallidus
has demonstrated EAD sensitivity to numerous oxygenated monoterpenes (B. T. Sullivan, unpubl. data) , including a majority of those that exhibited a dose relationship with 5'. pallidus attraction in the present study. Spathius pallidus was not attracted in field trials to synthetic mixtures which included these compounds (Sullivan et al. 1997, B. T. Sullivan unpubl. data) , but this could have resulted from the accidental omission of necessary synergists or the inclusion of unrecognized inhibitors in the mixtures. Antenna1 sensitivity and/or attraction to oxygenated monoterpenes have been reported for several other species of bark beetle parasitoids including two other braconids (Salom et al. 1991 , Pettersson 2001 .
Our study revealed several instances of interspecific variability in the host finding cues and behaviors utilized by parasitoids attacking D. frontalis. The parasitoid assemblage caught in traps baited with host-infested bole tissue did not reflect the diversity of species landing on nearby host-infested trees, with two species, R. xylophagorum and S. pallidus, responding to these traps in disproportionately high numbers. This apparent species-selectivity of traps might have resulted form interspecific variation in parasitoid sensitivity to tree bole-like visual cues (which were largely lacking from free-standing traps) or olfactory cues quantitatively altered during manipulation of the tree-derived baits. Our results also complement previous evidence that S. pallidus and t?. xylophagorum utilize host-finding cues that differ in their chemical composition . Further, our results show that these cues may differ also in their site of origin within host-infested trees. Attractants for S. pallidus were concentrated in infested bark, while attractants for R. xylophagorum were present similarly in both the bark and wood of infested trees. Relative to Ft. xylophagorum, host-seeking S. pallidus may rely more heavily on cues arising directly from hosts or their products than cues arising from the tree itself. Parasitoids utilizing the same host species in the same habitat can potentially reduce interspecific competition by using different host location cues, thereby specializing on portions of the host population more closely associated with the cues (van Dijken and van Alphen 1998). Interspecific differences in the host finding strategies used by parasitoids of D. frontalis may thus promote the stability of this rather large parasitoid complex.
